I. INTRODUCTION
Low-temperature plasmas with nano-and microsized particles ͑dust particles͒ are used in numerous technological applications, 1-4 such as the fabrication of nanoscale materials with advanced mechanical, electrical, optical, and chemical properties, 5 as well as catalyzing and enhancing chemical reactions. 6 The dust particles generated in the plasma processes for semiconductor manufacturing also have deleterious effects on the microstructured wafer being processed. In these applications, controlling the transport of the dust grains and their equilibrium states is vitally important. 1 The control requires reliable knowledge about the properties of the dust particles in the bulk plasma and near the discharge walls in the plasma sheaths. One of the main properties of the dust particles in the plasma is their electric charge. The particle charging in low-temperature plasmas is mainly due to deposition of the electrons and ions from the plasma environment on the particle surface. 7 Other processes, in particular, the secondary emission of electrons induced by ion bombardment of solid surfaces, the collisions of metastable atoms with the dust particles and the UV radiation may also play a significant role in the charging processes. [8] [9] [10] The dust particles of micron and submicron sizes are usually negatively charged in the bulk plasma, and their charge is much larger ͑up to a few hundreds or thousands of the electron charges͒ than the electron charge due to larger mobility and higher temperature of the electrons as compared with those of the positively charged ions. However, near the plasma walls, where the electron density is much smaller than the ion density, the dust particles may be positively charged. 4, 11, 12 Because of their charge, the dust grains are affected by different forces in the bulk plasma and plasma sheaths, including the electric force as well as the orbit and collection ion drag forces. [13] [14] [15] It is recognized that the ion drag and electric forces are responsible for the formation of exotic self-organized structures such as dust voids [16] [17] [18] and dust balls. 19, 20 The negatively charged dust particles also affect on propagation and excitation of waves in plasmas. [21] [22] [23] [24] The dust charge and ion drag forces in the bulk plasma and plasma sheaths have been intensively studied both theoretically and experimentally.
1,2, [25] [26] [27] In the theoretical studies, it is usually assumed that the ion energy distribution function ͑IEDF͒ is drifting Maxwellian or that the ions form a monoenergetic beam. [28] [29] [30] [31] [32] The first assumption has been widely used for the ion description in the bulk plasma and the pre-sheath region. On the other hand, the monoenergetic beam approximation may be applicable if the ion drift velocity is much larger than the ion thermal velocity. This may be a good approximation under relatively strong electric field conditions, e.g., in the sheaths of glow discharges. It was shown that the ion drag forces may be very different in the monoenergetic beam and drifting Maxwellian approximations. 29 However, most of the theoretical studies on the dust charge and ion drag forces have been carried out assuming that the plasma wall is under a constant potential.
2,32,33 The dust charge and ion drag forces in high-voltage, capacitive rf sheaths have not been thoroughly investigated. Meantime, capacitive rf discharges have been widely applied for materials processing in the microelectronics industry, 34 and growth of carbonaceous and silicon dust particles have been observed in such discharges. [35] [36] [37] [38] In the rf sheath of capaci-noenergetic with the energy distributions different from the drifting Maxwellian distribution. [39] [40] [41] In this paper, we study the dust charge and ion drag forces in a collisionless, high-voltage, capacitive rf sheath. The studies are carried out for the following two cases. In the first case, we assume that the positive ions in the rf sheath are monoenergetic. In the second case, it is assumed that the time-averaged energy distribution function of the ions impinging on the surface ͑here, the dust particle surface͒ in the sheath region has a double-peaked "hollow" profile. 41 The double-peaked ion distribution on the cathode surface has been observed in various low-pressure plasma environments ranging from parallel-plate glow discharge configurations to electron cyclotron resonance-generated plasmas. 39, 42, 43 The dust charge and ion drag forces are computed in the both cases and then compared. The studies are carried out for different rf frequencies, electron densities at the plasmasheath boundary and electron temperatures. We also analyze if the monoenergetic ion approximation may be used to determine the dust charge and ion drag forces in a high-voltage, capacitive rf sheath.
II. MAIN EQUATIONS
Consider an rf plasma sheath. We assume that singly charged positive ions, electrons, as well as dust particles are present in the sheath. The dust charge density is assumed to be much smaller than the ion density ͑n d ͉Z d ͉ Ӷ n i , where n i is the ion density, n d and Z d are the dust density and the dust charge, respectively͒. The ion motion in the sheath is assumed collisionless, and the ratio of the ion sheath transit frequency tr = tr −1 ͑here tr is the ion transit time across the sheath͒ to the rf frequency is assumed to be small. Therefore, the ions respond only to the time-average electric field in the sheath. It is also assumed that the ion sheath-plasma boundary is stationary, and the ions enter the sheath with the Bohm velocity u B = ͱ k B T e / m i , where k B is the Boltzmann constant, T e is the electron temperature, and m i is the ion mass. The electrons respond to the instantaneous electric field and are Boltzmann-distributed. In the case considered, the spatial distributions of time-average sheath parameters ͑the electron and ion densities, electric field and electric field potential͒ in the sheath may be found using the sheath model of Lieberman. 44 In particular, the ion density n i as a function of the space coordinate x ͑where x is the distance from the plasma-sheath boundary͒ is
where the phase is connected with the coordinate x by the following equation:
− 3 cos͑͒ − 1 3 cos͑3͒ ͬ .
͑2͒
Here, the coordinate x varies from 0 to s m , where x = s m corresponds to the electrode location. Likewise, n 0 is the ion density at x = 0. We assume that the ion density is equal to the electron density at plasma-sheath boundary ͑x =0͒. In Eq. ͑2͒ s 0 = J 0 / ͑en 0 ͒ is the effective oscillation amplitude, J 0 is the amplitude of a sinusoidal rf current density passing through the sheath, e is the electron charge, H = s 0 2 / ͑ De 2 ͒, and De is the electron Debye length at x =0.
The time-average electron density ͗n e ͑x͒͘ within the sheath is a function of the ion density n i ͑x͒ and the phase ͑x͒, and ͗n e ͑x͒͘ = ͩ1− ͪn i ͑x͒.
͑3͒
The time-average potential ⌽͑x͒ and the time-average electric field E 0 ͑x͒ are
and
respectively. Note that this model yields an reasonable approximation for the plasma parameters in the sheath if H ӷ 1. 45 Since the ion drift velocity in the sheath is larger than the ion thermal velocity, the ions, in the first approximation, may be assumed to be monoenergetic. In this case, using Eq. ͑1͒, one can obtain the following expression for the ion flux to a dust particle immersed in the plasma sheath
where coll ͑x͒ is the cross section for ion collection by the dust particle and v i ͑x͒ = n 0 u B / n i ͑x͒ is the ion velocity. 
The electron flux to a negatively charged dust grain is 
ͪ. ͑8͒
Here, we consider the case when the dust charge ͉Z d ͉ is nearly independent on time. This is the case if the number of electrons deposited on the dust grain during the rf period T =2 / is smaller than the overall dust charge, i.e., 2j e / Ӷ ͉Z d ͉. It follows from Eq. ͑7͒ that the timeaverage electron flux to a negatively charged dust grain is ͗j e ͑x͒͘ Ϸ 
Using Eq. ͑1͒, one can also find the collection F dr c and orbit F dr o drag forces 1,13 affecting the dust grain
where
and D is the Debye length.
However, in the high-frequency regime the ion energy distribution may be different from monoenergetic. In particular, at the points x, where tr ͑x͒ ӷ 1 ͓ tr ͑x͒ is the ion transit time from the plasma sheath boundary to a point with coordinate x͔, the time-average energy distribution of the ion flux to the surface is 41 
⌫͑,x͒
where is the ion kinetic energy, v Ϯ ͑x͒ = v of ͑x͒ Ϯ eE 1 ͑x͒ / ͑m i ͒, and v of ͑x͒ = ͱ u B 2 −2e⌽͑x͒ / m i . The ion energy varies in the range of − ͑x͒ ϽϽ + ͑x͒, where Ϯ ͑x͒ = m i ͓v of ͑x͒ Ϯ eE 1 ͑x͒ / m i ͔ 2 / 2. The energy distribution ͑12͒ is obtained by assuming that the ions move in a sinusoidally oscillating electric field E͑x , t͒ = E 0 ͑x͒ + E 1 ͑x͒cos͑t͒. The function ͑12͒ obeys the normalization
Here, E 0 ͑x͒ =−‫ץ‬⌽͑x͒ / ‫ץ‬x. The amplitude of the rf electric field E 1 ͑x͒ may be found using Eq. ͑10͒ of Ref. 44 
where d / d = s 0 A͑͒ and
The ratio of the rf electric field amplitude to the timeaverage electric filed
where the ratio
is determined by using Eqs. ͑5͒ and ͑13͒.
Assuming that the dust charge is nearly time independent and the dust particle potential energy e 2 Z d ͑x͒ / a d is smaller than the minimal ion energy − ͑x͒, and the ions have the energy distribution determined by Eq. ͑12͒, the ion flux to a dust grain at the point x is
the collection ion drag force is
and the orbit ion drag force is
III. RESULTS
Using the analytical expressions presented in the previous section, we have calculated the spatial distributions of the dust charge, orbit and collection forces in the rf sheath for different rf frequencies f͑= / 2͒, electron densities at the plasma-sheath boundary n 0 , electron temperatures T e , and values of the parameter H characterizing the ratio of the effective oscillation amplitude to the electron Debye length. The calculations have been carried out in two different approximations: assuming that ͑i͒ the positive ions are monoenergetic and that ͑ii͒ the ion flux to a surface in the rf sheath is described by the energy distribution function ͑12͒. fixed in the calculations, the spatial distribution of the dust charge is independent on f in the case ͑i͒. The dust charge obtained in the case ͑ii͒ depends on f and may be different from Z d calculated in the case ͑i͒. The dependence of Z d on the frequency is observed only for relatively small x. Since the average ion velocity increases with x, for relatively large x ͑Ն0.5 cm͒ the term 2e
smaller than unity and the equation for the ion flux to the dust particle can be simplified to j i ͑x͒Ϸa d 2 n 0 u B . As a result, for x Ն 0.5 cm the dust charge obtained using assumption ͑ii͒ is nearly independent on the rf frequency and equals to that obtained using the approximation ͑i͒. At small x, the difference in the dust charges calculated in the approximations ͑i͒ and ͑ii͒ strongly depends on the rf frequency. The difference decreases with increasing rf frequency because of decreasing the energy spread ⌬͑= + − − ͒ in the ion energy distribution ͑see Fig. 2͒ . At large f ͑Ն2 MHz͒, the energy spread is not very large, and for any coordinate x the dust charge obtained in the monoenergetic ion approximation is about the same magnitude as that calculated using the energy distribution described by Eq. ͑12͒. The dust particle is negatively charged near the plasma sheath boundary and positively charged near the electrode.
In Figs. 3͑a͒-3͑d͒ , the profiles of the orbit and collection forces for frequencies f = 1.0 and 1.5 MHz are shown. One can see from the figures that the orbit force becomes smaller with increasing the coordinate x. The force decrease is due to larger average ion velocities, which is accompanied by a decrease in the ion orbit cross section m o . As a result, the orbit force, which is larger than F dr c for small x, becomes smaller than the ion collection force at large x ͑see Fig. 3͒ . At small x ͑Ͻ0.25 cm͒, the collection force decreases with coordinate. The decrease takes place until the condition 2e
2 ͑x͔͒ Ӷ 1, the collection force increases with x because of increase in the average ion velocity v i . The difference between the forces, calculated under the assumption that the ions are monoenergetic, and the forces, obtained using the ion energy distribution ͑12͒, increases with decreasing the rf frequency f. This increase is due to the IEDF variation ͑Fig. 2͒. The difference in the force magnitudes, calculated using assumptions ͑i͒ and ͑ii͒, is observed in a wide range of coordinates. This is in contrast with the dust charge distributions, where the dust charges, calculated in the ͑i͒ and ͑ii͒ cases, may differ only for small x. The forces obtained using the approximations ͑i͒ and ͑ii͒ may be different in a wide range of x since the orbit and collection forces depend on the ion velocity in the entire range of coordinates. At small x, the difference in the orbit ion drag forces calculated using the approximations ͑i͒ and ͑ii͒ may be very large since the orbit cross section decreases strongly with increasing the ion velocity. Note, that at small ion velocities the orbit force obtained using the approximation ͑i͒ may also significantly differ from F dr o calculated under assumption that the ion distribution function is a drifting Maxwellian one. 29 Next, study the effect of the electron density n 0 on the dust charge and ion drag forces in the rf sheath. In Figs.  4͑a͒-4͑c͒ , the dust charge profiles for different n 0 are shown. One can see from the figures that the sheath size decreases with an increase in n 0 . This decrease is due the smaller electron Debye length De at higher n 0 . Because of the sheath size decrease, the ion transit time t tr decreases and the ion energy spread ⌬ becomes larger ͑Fig. 5͒. The ion energy spread increases because of increasing the ratio of the rf period to the ion transit time T / t tr . 46 As a result, the difference in the dust charges, obtained at small x in the approxi- mations ͑i͒ and ͑ii͒, increases ͓Figs. 4͑a͒-4͑c͔͒. The difference between the forces, obtained in the cases ͑i͒ and using Eq. ͑12͒, also increases with an increase in n 0 due to the ion energy spread variation ͑Figs. 6 and 7͒.
The magnitude of the total ion drag force F dr ͑x͒ = F dr c ͑x͒ + F dr o ͑x͒ is much smaller than the absolute value of the time-average electric force eZ d ͑x͒E 0 ͑x͒ almost everywhere in the rf sheath, except for the region near the plasmasheath boundary ͑Fig. 8͒. It follows that the equilibrium positions for the dust particles are located near the plasmasheath boundary or in the bulk plasma. One can note that both the total ion drag force and the electric force increase with increasing the electron density.
The charge of the dust particles and ion drag forces in the rf sheath also depend on the electron temperature T e . The sheath size becomes larger with an increase in T e ͑Fig. 9͒ because of the Debye length increase. The dust charge at a fixed coordinate x becomes larger with T e increase ͑Fig. 9͒. This increase is due to the enhancement of the electron flux to the dust grain, which in turn strongly depends on the electron temperature T e ͓see Eqs. ͑7͒ and ͑8͔͒. Since the timeaverage potential ⌽ increases with an increase in T e , the ion average velocity increases and, as a result, the orbit and col- ͑a͒, n 0 =10 9 cm −3 ͑b͒, and n 0 = 2.0ϫ 10 9 cm −3 ͑c͒. The dashed and solid lines are obtained in the nonmonoenergetic and monoenergetic approximations, respectively. The other parameters are the same as in Fig. 4. lection forces become larger ͑Figs. 9 and 10͒. The difference between the dust charges and forces, calculated in the approximations ͑i͒ and ͑ii͒, depends slightly on the electron temperature.
The dependencies of the dust charge and ion drag forces on the parameter H, characterizing the ratio of the effective oscillation amplitude to the electron Debye length, have also been studied. The rf sheath size increases with increasing H ͑Fig. 11͒. Meantime, the dust charges obtained in the approximations ͑i͒ and ͑ii͒ differ only at small x ͑Յ0.5 cm͒. The difference becomes slightly larger with increasing H, mostly because of the increase in the ion energy spread ͑Fig. 12͒. From Fig. 13 , one can see that the variation of H slightly affects the shapes of the profiles of the ion drag forces.
It is also important to estimate the charging time ch of the dust particles. The charging time can be calculated by assuming that the dust particles were initially uncharged. 34 The initial charge build-up dynamics is described by ͓see
where Z dt is the dust charge as a function of the coordinate x and the time t, and I e0 ͑x͒ = a d 2 ͗n e ͑x͒͘ ͱ 8k B T e / m e . Equating this to the equilibrium value Z d ͑x͒, we obtain from Eq. ͑18͒ an estimate of the charging time
The dust charging time ͑19͒ increases with decreasing the electron density ͗n e ͘. Because of the dependence of ͗n e ͘ and Z d on the coordinate x, the charging time of the dust particles also depends on x. It is larger than the rf period T ͑ ch is in the range of 10 −5 -10 −3 s and T =5ϫ 10 −7 s for the parameters corresponding to Fig. 7͒ . Since the charging time is larger than the rf period, the field oscillations only slightly affect the dust charge.
IV. DISCUSSION AND SUMMARY
We now discuss the simplifications used in the study of the dust charge and ion drag forces. First, we have assumed that ion motion in the rf sheath is collisionless. Thus, the model presented here may not be applicable in the collisional rf sheath case. In the collisional case, sheath parameters may be calculated using the model presented in Ref. 47 . Ionneutral collisions also affect the ion distribution function and the dust charge, 39, 48 and these effects have not been accounted for here. Next, in the rf sheath model, it was assumed that the electron and ion densities, electron temperature, and parameter H ͑a function of the amplitude of a sinusoidal rf current density passing through the sheath͒ are external parameters and are independent. In reality, these parameters are not independent. The electron and ion densities are functions of the plasma dimensions, neutral gas pressure and rf input power ͑or rf current density͒. 34, 49, 50 The dust particles may also affect the sheath size, electron and ion densities, electron temperature, as well as the prevailing electron energy distribution function. For better understanding of the effects of the plasma parameters on the dust charge and ion drag forces in the rf sheath, the model should be complemented by an appropriate model for the bulk plasma. Moreover, the studies are carried out here only for the highfrequency regime, when the ions respond weakly to the instantaneous variations of the sheath voltage. Therefore, our results are not applicable directly for the low-frequency and intermediate-frequency regimes. Meantime, many results, obtained here for a high-frequency, collisionless rf sheath, are general for different plasma sheaths and may be straightforwardly extended to consider many other cases.
In summary, the dust charge and ion drag orbit and collection forces in a collisionless, high-voltage, capacitive rf sheath have been investigated. The dust parameters have been studied using two different assumptions about the ion energy distribution. In first case, it was assumed that the positive ions are monoenergetic. The dust charge and the ion drag forces, calculated in this approximation, are compared to those obtained in a more realistic approximation ͑assum-ing that the IEDF of the ions impinging on the dust surface has a double-peaked hollow profile͒. For the second case, an analytical expression for the ion flux to a dust grain is obtained. It is shown that the dust charges obtained in the both approximations are approximately equal if the average ion energy is larger than the dust surface potential energy. The difference in the dust charges obtained in the different approximations may be significant only in the region located near the plasma-sheath boundary, where the average ion velocity is small. The difference becomes larger with decreasing the rf frequency and increasing the electron density at the plasma-sheath boundary due to the wider ion energy spread. The submicron dust particles considered here are negatively charged near the plasma-sheath boundary and positively charged near the electrode. We have also studied the ion drag orbit and collection forces affecting a dust grain in the rf sheath. In doing so, we have used the monoenergetic ion approximation, as well as assumed that the ion energy flux distribution on the dust grain has a double-peaked profile frequently observed in the experiments. It was found that the differences in the ion drag collection forces calculated in the different approximations are of the similar magnitude near the plasma-sheath boundary and the wall. The difference in the ion drag orbit forces calculated in the different approximations is larger near the plasma-sheath boundary, where the average ion velocity is small. This difference is much smaller near the wall. The difference in the forces, obtained at different assumptions about the ion flux, becomes larger with increasing the width of the ion energy spread. At small rf frequencies ͑Յ1.0 MHz͒ and relatively large electron densities at the plasma-sheath boundary ͑Ն2 ϫ 10 9 cm −3 ͒, the difference in the ion drag forces obtained in the different approximations may be relatively large ͑Ն10%͒.
The ion collection force is smaller than the ion orbit force near the plasma-sheath boundary. With decreasing the distance from the electrode, the collection force increases and the orbit force becomes smaller. The collection force is a dominant component of the ion drag force near the wall. These variations in ion drag forces are mainly due to higher average ion velocities at smaller distances from the wall.
The magnitude of the electric force, that pushes the dust particles from the near-electrode region to the central area of the plasma, is larger than the absolute value of the total ion drag force almost everywhere in the rf sheath, except for the region near the plasma-sheath boundary. It follows that the equilibrium positions for the dust particles may be located near the plasma-sheath boundary. The dust equilibrium positions may be also located in the bulk plasma, because of the assumption that the electric field is equal to zero at the plasma-sheath boundary. 34 These conclusions are in a good qualitative agreement with the experimental and theoretical results of other authors on the force balance and dust levitation in rf plasmas. 1,2, 11, 28, 29 Finally, the results of this work are relevant to many applications, such as high-precision, low-temperature processing of different surfaces and deposition of different coatings as well as for the understanding of the plasma effects in the synthesis and post-processing of a range of nano-and micro-objects.
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